Neuroligins are evolutionarily conserved postsynaptic cell-adhesion molecules that function, at least in part, by forming trans-synaptic complexes with presynaptic neurexins. Different neuroligin isoforms perform diverse functions and exhibit distinct intracellular localizations, but contain similar cytoplasmic sequences whose role remains largely unknown. Here, we analysed the effect of a single amino-acid substitution (R704C) that targets a conserved arginine residue in the cytoplasmic sequence of all neuroligins, and that was associated with autism in neuroligin-4. We introduced the R704C mutation into mouse neuroligin-3 by homologous recombination, and examined its effect on synapses in vitro and in vivo. Electrophysiological and morphological studies revealed that the neuroligin-3 R704C mutation did not significantly alter synapse formation, but dramatically impaired synapse function. Specifically, the R704C mutation caused a major and selective decrease in AMPA receptor-mediated synaptic transmission in pyramidal neurons of the hippocampus, without similarly changing NMDA or GABA receptor-mediated synaptic transmission, and without detectably altering presynaptic neurotransmitter release. Our results suggest that the cytoplasmic tail of neuroligin-3 has a central role in synaptic transmission by modulating the recruitment of AMPA receptors to postsynaptic sites at excitatory synapses.
Introduction
Animal brains process information in vast parallel networks of neurons connected by synapses. Although synapses are primarily known for synaptic transmission, which consists of presynaptic neurotransmitter release and the postsynaptic reception of neurotransmitters, it should be noted that synapses fundamentally operate as intercellular junctions, wherein presynaptic and postsynaptic sides are connected by trans-synaptic cell-adhesion molecules. Neurexins and neuroligins are heterotypic cell-adhesion molecules that arguably constitute the best characterized trans-synaptic celladhesion pair (Ushkaryov et al, 1992; Ichtchenko et al, 1995) . Presynaptic neurexins are differentially expressed in all neurons from three genes in two principal forms (a-and bneurexins; Ullrich et al, 1995) , whereas postsynaptic neuroligins are produced from four genes (NL1-NL4) that are largely co-expressed in most neurons (Ichtchenko et al, 1995) . All neurexins and neuroligins bind to each other, although with distinct affinities dictated by isoforms and alternative splicing (Boucard et al, 2005; Chih et al, 2006; Comoletti et al, 2006; Graf et al, 2006; Arac et al, 2007) . Neurexins and neuroligins are highly conserved evolutionarily except for NL4 which, at least in rodents, is poorly conserved and expressed at very low levels (Bolliger et al, 2008) .
Neurexins and neuroligins are essential for synapse function. Triple knockout (KO) of all a-neurexins (Missler et al, 2003) or triple KO of NL1, NL2 and NL3 (Varoqueaux et al, 2006) is lethal, and produces nearly complete inactivation of synaptic transmission. Even single KO's of a-neurexins (Missler et al, 2003) or of neuroligins (Chubykin et al, 2007) induce major phenotypes. The general importance of neurexins and neuroligins is confirmed by the observation of multiple mutations in the genes encoding neurexins and neuroligins in neurological disorders. In particular, heterozygous deletion of neurexin-1a severely predisposes to autism and schizophrenia (Feng et al, 2006; Sebat et al, 2007; Szatmari et al, 2007; Kirov et al, 2008; Marshall et al, 2008; Walsh et al, 2008; Yan et al, 2008; Zahir et al, 2008; Kim et al, 2008a; Bucan et al, 2009; Glessner et al, 2009; Rujescu et al, 2009) , whereas a single missense mutation in NL3 (R451C) and a large number of frameshift and missense mutations in NL4 lead to autism and/or mental retardation with complete penetrance (Jamain et al, 2003; Laumonnier et al, 2004; Yan et al, 2005; Talebizadeh et al, 2006; Lawson-Yuen et al, 2008; reviewed in Sü dhof, 2008) .
Neuroligins are type I membrane proteins composed of a large extracellular domain homologous to cholinesterases, an extracellular O-glycosylated sequence, a single transmembrane region and a short cytoplasmic tail ( Figure 1A ). Neuroligin isoforms are differentially distributed among synapses in the same neuron (Song et al, 1999; Graf et al, 2004; Varoqueaux et al, 2004; Budreck and Scheiffele, 2007) . The cytoplasmic tails of neuroligins are highly conserved, and include multiple sequence motifs that are present in all isoforms, raising the question of how the cytoplasmic sequences of neuroligins function. Among the conserved sequence motifs of cytoplasmic neuroligin tails, only the role of the C-terminal PDZ-binding sequence-which interacts with several PDZ domain proteins in vitro including PSD-95 (Irie et al, 1997 )-is known, whereas the significance of the other sequence motifs remains unclear.
More than 20 mutations in NL4 were associated with autism (see references cited above). Most of these mutations predictably disrupt NL4 expression or folding, suggesting a loss-offunction mechanism during pathogenesis (Jamain et al, 2003; Laumonnier et al, 2004; Yan et al, 2005; Talebizadeh et al, 2006; Lawson-Yuen et al, 2008; reviewed in Südhof (2008) and ). Some substitution mutations, however, do not indicate an obvious functional effect, raising the possibility that at least a subset of the described neuroligin mutations may be polymorphisms without functional consequence, or mediate gain-of-function effects. This is particularly true for the only mutation in a cytoplasmic residue of a neuroligin that has been described in autism, the R704C substitution (Yan et al, 2005) . Although this substitution affects a highly conserved residue ( Figure 1A ), the arginine residue involved localizes close to the transmembrane region in a cluster of four positively charged residues, raising doubts about the significance of neutralizing a single charge in this cluster by the R704C mutation.
In the present study, we have tested the significance of R704 and its substitution to cysteine using in vitro and in vivo approaches. We performed these experiments in NL3 because this isoform is well conserved evolutionarily and highly expressed, and because we previously showed that a different autism-associated point mutation in NL3, R451C, produces a gain-of-function phenotype with distinct effects on synaptic transmission that differ from the NL3 KO phenotype (Tabuchi et al, 2007) . Thus, we could relate the R704C-mutant phenotype to that of the NL3 KO and of the R451C mutation. Our results reveal that although the R704C substitution does not detectably alter the activity of NL3 in synapse formation, it produces a dramatic deficit in AMPA receptor-mediated synaptic transmission. This synaptic transmission deficit implies that the conserved juxtamembranous sequence motif of neuroligins performs a critical function in regulating synaptic transmission by a postsynaptic mechanism, and by extension, that the corresponding mutation in human NL4 is pathophysiologically significant.
Results

The R704C substitution does not detectably alter in vitro activities of NL3
To evaluate the effect of the R704C substitution on NL3 function in vitro, we examined binding of wild-type and R704C-mutant NL3 to PSD-95 (Irie et al, 1997) . Co-immunoprecipitation experiments showed that the R704C mutation did not disrupt PSD-95 binding ( Figure 1B ), as would be expected given the distance of the R704 residue to the PDZ domain-binding motif of NL3 ( Figure 1A ). Next, we tested the ability of overexpressed wild-type or R704C-mutant NL3 to increase synapse densities on transfected COS cells in the artificial synapse formation assay ( Figure 1C and D; Scheiffele et al, 2000) , and in transfected neurons (Figure 1E and F; Boucard et al, 2005) . In both assays, wild-type and R704C-mutant NL3 potently enhanced the number of detectable synapses, probably by stabilizing transient synapses formed on the transfected cells (Chubykin et al, 2007) . Although there was a trend for a lower activity by R704C-mutant NL3, its effectiveness was not statistically different from that of wild-type NL3. Thus, the NL3 R704C mutation does not significantly perturb the in vitro activity of NL3.
Generation of NL3 R704C (NL3 R704C ) KI mice
Next, we introduced the R704C mutation by homologous recombination into the mouse NL3 gene (Figure 2A ). NL3 R704C -mutant mice exhibited no obvious survival phenotype (adult male offspring from matings of heterozygous females with wild-type males: wild type, n ¼ 24 mice; R704C, n ¼ 28 mice).
Since previous data revealed that another autism-relevant neuroligin point mutation, the NL3 R451C mutation, severely destabilized NL3 (Comoletti et al, 2004; Tabuchi et al, 2007; De Jaco et al, 2010) , we quantified the levels of NL3 and of other synaptic proteins in NL3 R704C -mutant mice. We detected only a modest decrease in NL3, but observed a small increase in the levels of the AMPA-type glutamate receptor subunit GluR1 ( Figure 2B and C), suggesting a potential genetic interaction between GluR1 and NL3. To further explore the possibility that the R704C mutation alters glutamate receptor levels, we performed additional, more extensive quantitative immunoblotting analyses examining all major glutamate receptor subtypes ( Figure 2D and E). These experiments confirmed the significant increase in GluR1 and additionally uncovered a significant increase in GluR3, suggesting that the R704C mutation increases AMPA-type glutamate receptor levels in the hippocampus.
We then examined the effect of the NL3 R704C mutation on brain development and synapse formation. Immunocytochemical analyses of brain sections failed to uncover major abnormalities ( Figure 3 ). Specifically, we quantified synapse densities in three different brain regions (the CA1 and CA3 regions of the hippocampus or in the somatosensory cortex) using three independent markers (synaptophysin as a marker for all synapses, and the vesicular glutamate (vGlut1) and GABA transporters (vGAT) as markers for excitatory and inhibitory synapses, respectively). The results showed that both the overall synapse density and size and the density and size of excitatory versus inhibitory synapses were not detectably altered by the NL3 R704C mutation ( Figure 3A and B).
Decreased excitatory synapse function in NL3 R704C KI mice
To test whether the NL3 R704C mutation altered synaptic transmission, we performed whole-cell voltage-clamp recordings in hippocampal CA1 pyramidal neurons in acute brain slices. Strikingly, the NL3 R704C mutation decreased the frequency but not the amplitude of spontaneous mEPSCs, whereas it had no significant effect on mIPSCs ( Figure 4A -F). This selective deficit in mEPSC frequency suggests that the NL3 R704C mutation may alter presynaptic release probability, excitatory synapse number or postsynaptic AMPA receptor responses.
To further explore the possibility that the NL3 R704C mutation causes a deficit in excitatory synaptic transmission, we measured excitatory synaptic strength by performing extracellular field recordings in the CA1 region of the hippocampus. In this assay, the slope of the postsynaptic fEPSP is measured as a function of the presynaptic fibrevolley amplitude ( Figure 5A and B). Consistent with our mEPSC findings, the NL3 R704C mutation produced a significant decrease in excitatory synaptic strength in the inputoutput experiments, as confirmed by measuring the slope of the linear fit for individual input-output experiments ( Figure 5C ). It is possible that the observed deficits are the result of changes in synaptic AMPA receptor subunit composition (the principal mediators of the synaptic response measured in Figure 5A -C). To exclude this possibility, we analysed the voltage dependence of synaptic AMPA receptormediated responses, but detected no change in the AMPA receptor rectification index ( Figure 5D and E).
One potential explanation for the observed decreases in mEPSCs and input-output relations in NL3 R704C -mutant mice is that the presynaptic release probability is altered in NL3 R704Cmutant mice. Although this explanation was previously suggested for NL1 (Futai et al, 2007) , it would be difficult to reconcile with the postsynaptic localization of NL3. Two different tests of release probability, measurements of pairedpulse facilitation and of the use-dependent block of NMDA receptor responses by MK-801, failed to detect a change in NL3 R704C -mutant mice ( Figure 6 ). Thus, the deficit in excitatory synaptic transmission in NL3 R704C -mutant mice is not a consequence of changes in presynaptic release probability. It is puzzling that the NL3 R704C -mutant mice exhibit a decrease in excitatory mini frequency ( Figure 4 ) and a decrease in evoked synaptic strength ( Figure 5A -C), but no change in total excitatory synapse numbers as assessed by presynaptic staining for VGlut1 ( Figure 3 ), because the first two observations would best be explained by a loss in synapse numbers, which is ruled out by the third observation. The limitation of staining for vGlut1 as a presynaptic marker for excitatory synapses, however, is that vGlut1 staining does not reveal whether excitatory synapses are functional. Thus, it is possible that the NL3 R704C mutation decreases the number of mature, AMPA receptor containing excitatory synapses without dramatically affecting total excitatory synapse numbers.
To address this question, we measured the relative ratio of NMDA versus AMPA receptor-mediated synaptic responses using whole-cell recordings in acute hippocampal slices ( Figure 7A ). Consistent with the hypothesis that the NL3 R704C mutation causes a selective reduction in AMPA but not in NMDA receptor-mediated synaptic transmission, the NMDA/AMPA ratio was increased in NL3 R704C -mutant mice ( Figure 7B ). In agreement with a lack of an effect on NMDA receptor-mediated synaptic transmission by the NL3 R704C mutation, NMDA receptor-dependent long-term potentiation was unchanged in NL3 R704C -mutant mice ( Figure 8 ).
Cultured neurons from NL3 R704C KI mice
The slice physiology results provide evidence for a selective change in excitatory synapse function in NL3 R704C -mutant mice, and suggest a specific impairment in AMPA but not in NMDA receptor-mediated responses. To quantitatively assess this phenotype in a reduced system, we measured synaptic responses in cultured hippocampal neurons (Maximov et al, 2007) . Strikingly, cultured hippocampal neurons from NL3 R704C -mutant mice displayed a major, selective decrease in AMPA receptor-mediated responses, without a change in NMDA receptor-mediated glutamatergic responses or GABA receptor-mediated inhibitory responses ( Figure  9A -C). Thus, the R704C mutation specifically reduced postsynaptic AMPA receptor function in cultured neurons, consistent with the observations obtained in acute slices.
Discussion
Our data show that a single amino-acid substitution in a conserved cytoplasmic residue of NL3, R704C, has no significant effect on its synaptogenic activity in vitro, but dramatically alters excitatory synapse function in vivo. Specifically, we show that KI mice carrying the NL3 R704C mutation exhibit a discrete and selective impairment of AMPA receptor-mediated synaptic transmission in hippocampal pyramidal neurons. As measured by multiple independent approaches (intracellular recordings of spontaneous synaptic responses in acute slices, extracellular recordings of input/output curves in acute slices and intracellular recordings of evoked responses in cultured neurons; Figures 4, 5 and 9), the decrease in synaptic strength in NL3 R704C -mutant synapses is selective for AMPA receptormediated excitatory transmission since we observed no change in NMDA receptor-mediated responses or in GABA receptormediated synaptic transmission. As a result, the NMDA/AMPA receptor EPSC ratio is increased ( Figure 7) .
We observed no change in NMDA receptor protein levels ( Figure 2 ), synapse numbers ( Figure 3 ) or presynaptic release probability ( Figure 6 ), but did observe a significant, possibly compensatory increase in the levels of GluR1 and GluR3 AMPA receptor subunits ( Figure 2 ). The magnitude of the NL3 R704C -mutant phenotype (40-50% decrease in AMPA receptor-mediated responses), and the fact that the R704Cmutant phenotype was consistently observed by multiple approaches and retained in cultured neurons, shows that it is robust. Thus, a single amino-acid substitution in the NL3 cytoplasmic tail caused a major effect on AMPA receptormediated synaptic transmission in the hippocampus. The changes we describe here are different from those previously observed in NL3 R451C -mtuant and in NL3 KO mice (Tabuchi et al, 2007; Etherton et al, unpublished) , suggesting a specific effect of different NL3 mutations on synaptic properties.
The most plausible hypothesis to account for the phenotype of the NL3 R704C mutation is that in NL3 R704C -mutant mice, a significant subset of synapses contain no, or only few, functional postsynaptic AMPA receptors, but maintain nor- corresponding to R704 is shown in red typeface; intramembranous sequence, blue typeface; cytoplasmic sequence, black typeface; sequences show mouse NL1-NL4 and Drosophila neuroligin (NM_001170191.1)). (B) Co-immunoprecipitation experiment demonstrating that the R704C mutation does not block binding of NL3 to PSD-95. HA-tagged PSD-95 was transfected alone or together with Flag-tagged wild-type or R704C mutant NL3 into HEK293 cells, and co-immunoprecipitation of PSD-95 with NL3 was assayed. Data shown are representative immunoblot visualized by ECL. (C, D) Representative images (C) and quantitations (D) of artificial synapse formation on COS cells expressing mVenus only, or mVenus-fused wild-type NL3 (WT) or mutant NL3 R704C (R704C). Synapses were quantified as the synapsin signal observed on the COS cells; transfection efficiency was measured as the mVenus signal. Scale bar ¼ 20 mm. (E, F) Representative images (E) and synapse quantitations (F) in neurons transfected with mVenus alone, or mVenus-fused wild-type (WT) or R704C-mutant NL3 (R704C). The synapse density per unit dendrite (E, left panels) or synapse size (E, right panels) was quantified based on the measurements of postsynaptic spines (as visualized with the mVenus signal) or presynaptic terminals (as measured by synapsin staining). Scale bar ¼ 5 mm. Protein levels (% of WT) mal postsynaptic NMDA receptors. Although this hypothesis would explain our observations, alternative hypotheses cannot be ruled out. For example, it is possible that the NL3 R704C mutation leads to selective elimination of a small number of synapses that are particularly active, such that no synapse loss would be apparent in our overall synapse density measurements, but could still have occurred and produced the phenotypic changes we observe. Our results do, however, exclude other alternative hypotheses. The NL3 R704C mutation clearly does not decrease AMPA receptor-mediated responses uniformly in all synapses, since there was no significant change in mini amplitude, and the AMPA receptor subunit protein levels were increased, not decreased. Similarly, the NL3 R704C mutation does not retrogradely suppress presynaptic release, since we observed no change in release probability, as assessed by two independent measures.
Although our experiments provide a detailed electrophysiological definition of the NL3 R704C -mutant phenotype, we have not been able to define its molecular mechanism beyond the fact that it is due to a single point mutation. NL3 was not previously linked to the regulation of AMPA receptors, although NL1 and NL2 have been shown to profoundly modulate NMDA and GABA receptor-mediated synaptic transmission, respectively (Chubykin et al, 2007; Kim et al, 2008b; Gibson et al, 2009; Poulopoulos et al, 2009) . What is potentially fascinating about the current findings are their implications regarding the function of the cytoplasmic tails of neuroligins. No binding partners for the mutated R704 sequence are known, and no trafficking deficit for NL3 R704Cmutant protein was detected here (Figure 1) . Given the mutant phenotype, a change in the interaction of NL3 with PSD-95 would have been interesting, but the R704 residue is too far away from the PDZ-binding motif of NL3 to alter PSD-95 binding, as confirmed in immunoprecipitation experiments ( Figure 1B) . It thus appears likely that the NL3 R704C mutation alters the interaction of the conserved sequence motif containing the R704 residue with an as yet unidentified adaptor protein. Identifying this adaptor will be an important challenge that is made difficult by the juxtamembranous location and short length of the sequence motif.
A major motivation for the present analysis of the NL3 R704C mutation was that the analogous mutation was observed in NL4 in an autism patient (Yan et al, 2005) , and represents the only autism-associated mutation in a neuroligin cytoplasmic sequence. Although the R704C mutation involves a conserved residue present in all mammalian neuroligins, and is even retained in a Drosophila neuroligin ( Figure 1A) , its possible pathogenicity was questionable, since amino-acid sequence polymorphisms are not infrequently observed in proteins. We chose NL3 instead of NL4 to analyse the functional effect of the R704C mutation because NL4 is poorly conserved in mice (Bolliger et al, 2008) , expressed at vanishingly low levels (Varoqueaux et al, 2006) , and has no known synaptic function. NL3, on the other hand, is highly conserved and abundant in mice, and clearly associated with synaptic function (Tabuchi et al, 2007) . Although our data do not directly show that the R704C mutation would have a functional effect in human NL4, the conservation of the residue involved and the dramatic alterations induced by the R704C mutation in NL3 function strongly suggest that the human NL4 R704C mutation also alters synaptic function in humans. Since different neuroligin isoforms perform dis- tinct synaptic functions-at least in mice (Chubykin et al, 2007; Gibson et al, 2009 )-the actual effect of the R704C mutation on NL4 is difficult to predict, but the probable existence of such an effect supports the overall notion that mutations in NL4 cause autism by altering synaptic transmission, a hypothesis that we have referred to as the synaptic hypothesis of autism (Sü dhof, 2008).
Materials and methods
Antibodies
Monoclonal GFP antibody (clone 3E6) was purchased from Invitrogen, Eugene, OR, USA; all other antibodies were described previously Tabuchi et al, 2007) .
In vitro function assays
Artificial synapse formation assays. Artificial synapse formation assays were performed with COS-7 cells as described (Ko et al, 2009 ). Briefly, COS-7 cells were transfected with FuGene-6 (Roche) with expression vectors encoding mVenus fusion proteins of wildtype or R704C-mutant NL3, or with mVenus alone (as a negative control). After 24 h, transfected COS-7 cells were trypsinized, added onto hippocampal neurons at DIV9, further co-cultured for 48 h, and immunostained with GFP and synapsin antibodies at DIV11. All images were acquired by confocal microscopy. For quantitative analyses, the contours of the transfected COS-7 cells were selected as the region of interest. Fluorescence intensity of synapsin puncta normalized to each COS-7 cell area was quantified for both red and green channels with MetaMorph (Molecular Devices). Statistical significance was determined by Student's t-test and all the data were expressed as the mean values±s.e.m.
Neuronal transfection assays. Primary rat hippocampal neuron cultures were prepared from E18 (embryonic 18 days) embryos as described (Ko et al, 2009 ). Neurons were transfected with expression vectors encoding mVenus fusion proteins of wild-type or R704C-mutant NL3, or with mVenus alone (as a negative control) at DIV10, and immunostained at DIV14 with synapsin (E028; 1:500) and EGFP antibodies (1:300). The neurons were fixed with 4% paraformaldehyde/4% sucrose for 10 min at room temperature, permeabilized with 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 5 min at 41C, blocked with 3% horse serum/0.1% crystalline grade BSA in PBS for 30 min at room temperature, and incubated with the respective primary and secondary antibodies in blocking solution for 1 h at room temperature, respectively. Transfected neurons were randomly chosen and imaged using a confocal microscope (LSM510, Zeiss); all the image settings were kept constant. Z-stacked images were maximally projected and analysed using MetaMorph (Molecular Devices) with area size and density of spines and presynaptic terminals per 50 mm of dendrite.
To quantify the synaptic puncta size, we thresholded all images equally and measured the average pixel intensities along the dendritic segments in the transfected neurons by manually tracing each punctum.
Generation of NL3 R704C KI mice
A 11.3-kb mouse genomic clone encompassing exons 6-8 of the NL3 gene was isolated from a 129/SvJ mouse genomic library and subcloned into NotI site of pBluescriptII KS (À) for targeting vector construction. The nucleotide sequence encoding R704 in exon 8 was mutated to encode C704. A neomycin-resistance cassette (for positive selection) surrounded by FRT sites (flp-recombinase recognition sequences for removal of the neo cassette) was inserted into the HindIII site in the intron 3 0 of exon 7. Since the neomycinresistance cassette was lifted from the vector for the R451C-knock-in mice (Tabuchi et al, 2007) , it contained a loxP site that had no use in the present mouse. A diphtheria toxin gene cassette was attached to the 5 0 end of the vector for negative selection. Embryonic R1 stem cells were electroporated with the targeting vector, and cell clones resistant to positive and negative selection were screened by Southern analysis using a 5 0 outside probe to detect a size shift by BglII digestion. Homologously recombined clones were injected into blastocysts of C57/BL6 mice to generate chimeric mice. Germline transmission was monitored by PCR using oligonucleotide primers KT06470 (5 0 -GGCGATTTCACCTGCCTACAG-3 0 ) and KT06471 (5 0 -TT GGGAGTCATGAGTGGGATG-3 0 ) to detect the point mutation. The neomycin-resistance gene cassette was removed by flip recombination by crossing the initial mutant mice with flip transgenic mice. Genotyping was performed by PCR using oligonucleotide primers: KT06470 (5 0 -GGCGATTTCACCTGCCTACAG-3 0 ) and KT06471 (5 0 -TTGGGAGTCATGAGTGGGATG-3 0 ) to detect the point mutation (conditions: 1 Â 931C 10min, 40Â 931C 30s, 751C 45 s, 651C 3 min and 1 Â 651C 10 min).
Biochemical measurements
Protein levels were quantified in total brain homogenates from four pairs of adult male mice using quantitative immunoblotting as described previously (Tabuchi et al, 2007) . Signals were detected with iodinated secondary antibodies, and monitored with a phosphoimager. Levels were normalized for the signals of control proteins (GDI and b-actin).
Morphometric analyses
Morphometric analyses were performed as described previously (Tabuchi et al, 2007) . Male KI and wild-type littermate control mice were anesthetized and perfusion fixed with 4% fresh paraformaldehyde in 100 mM phosphate buffer (pH 7.4). Brains were removed and immersion fixed for 4 h in the same fixative and cryoprotected with 30% sucrose in PBS for 2 days at 41C. In all, 30 mm serial parasagittal sections were cut on a cryomicrotome, and floated and washed in PBS. For immunostaining, sections were blocked with 3% goat serum/0.3% Triton X-100 in PBS for 1 h at room temperature, and incubated with anti-synaptophysin monoclonal antibody (Millipore, Billerica, MA, USA) at 1:500 dilution, antivesicular glutamate transporter 1 (vGlut1) monoclonal antibody (Synaptic Systems, Göttingen, Germany) at 1:1000 dilution, and/or anti-vesicular GABA transporter (VGAT) polyclonal antibody (Millipore) at 1:500 dilution overnight at 41C, followed by incubation with Alexa Fluor 488 or 633 goat anti-mouse IgG (Invitrogen) at 1:1000 dilution. Sections were transferred onto SuperFrost slides and mounted under glass coverslips with Vectashield with 4 0 , 6 0 -diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA). Sections of the CA1 and CA3 subfields of the hippocampus were imaged with a Leica TCS2 laser-scanning confocal microscope (Leica Microsystems, Wetzlar, Germany) at Â 63, and the stratum radiatum layers were magnified five-fold. For each experimental series, all images were acquired with identical settings for laser power, photomultiplier gain and offset with a Sample traces (C) and summary graph (D) obtained during measurements of the presynaptic release probability using the progressive block of NMDA receptor-mediated responses by MK-801. NMDA receptor EPSCs were monitored at þ 40 mV before and after addition of MK-801 (25 mM); traces in (C) depict the 1st, 10th and 50th NMDA receptor EPSC following MK-801 application. Experiments were performed in three parts: stable NMDA receptor-mediated EPSCs induced by 0.1 Hz stimulation were established; stimuli were stopped as MK-801 was bath applied for 8 min; stimuli were resumed. The weighted t of the NMDA receptor response decay was calculated using a double exponential function: A 1 exp(Àt/t 1 ) þ A 2 exp(Àt/t 2 ) (WT ¼ 9 cells/4 mice and R704C ¼ 7 cells/4 mice). Data represent mean values ± s.e.m. Statistical significance was excluded using Student's t-test.
pinhole diameter. Images were imported into ImageJ 1.41 software and converted into binary data for morphometric analysis. Synaptic densities and sizes were analysed under fixed thresholds across all slides. Thresholds were chosen within the range that allowed outlining as many immunopositive puncta as possible throughout all images. The number and size of puncta were detected using the 'analyse particle' module of the program. The average number and size of puncta were normalized with data from wild-type to determine synaptic density and size, respectively. Statistical significance was determined by Student's t-test.
Neuronal culture
Primary hippocampal neurons were isolated from newborn litters of wild-type and NL3 R704C mice and cultured as described (Maximov et al, 2007 (Maximov et al, , 2009 Xu et al, 2009) . Briefly, hippocampi were isolated and dissociated by papain digestion (10 U/ml, with 1 mM CaCl 2 and 0.5 mM EDTA). Dissociated neurons were plated on Matrigel-coated glass coverslips. Culture media contained MEM (Invitrogen) fortified with B27 (Invitrogen), transferrin, fetal bovine serum, AraC (Sigma) and glucose. Neurons were cultured for 14-16 days before experiments. Following neuronal culture, pups were genotyped and only wild-type and NL3 R704C cultures were used for experiments.
Slice electrophysiology
Electrophysiological recordings were performed essentially as described (Tabuchi et al, 2007; Etherton et al, 2009 ). P28-P40 mouse brains were removed and immediately immersed in ice-cold dissection solution (in mM: 222 sucrose; 11 glucose; 26 NaHCO 3 ; 1 NaH 2 PO 4 ; 3 KCl; 7 MgCl 2 ; 0.5 CaCl 2 ). The chilled brain was then bisected and each hemisphere blocked to appropriately arrange the hippocampus for transverse hippocampal slice collection. Acute hippocampal slices were collected at specific thicknesses for extracellular (0.4 mm) and whole-cell (0.3 mm) recordings. Hippocampal slices were made using a Leica VT 1200S, transferred to a recovery chamber containing modified artificial cerebrospinal fluid (ACSF) (in mM: 126 NaCl; 3 KCl; 1.25 NaH 2 PO 4 ; 26 NaHCO 3 ; 10 glucose; 2.5 CaCl 2 ; and 1.3 MgCl 2 saturated with 95% O 2 /5% CO 2 , pH 7.4), and were allowed to recover first at 32.51C for 30 min and then at room temperature for 1 h. All recordings were done with ACSF at 28-301C except where mentioned otherwise. For extracellular field recordings, patch pipettes (2-4 MO) were filled with different internal solutions for input-output analysis (ACSF) and LTP (1 M NaCl, 10 mM HEPES, pH 7.4). Slices were placed in the recording chamber and allowed to recover for 10 min before recordings. A stimulus electrode was placed in the stratum radiatum, and the recording electrode was placed nearby. Input-output measurements were performed as described previously (Etherton et al, 2009 ). Five to ten traces were averaged at each stimulation intensity and the amplitude of the presynaptic fibre-volley was measured relative to the slope of the fEPSP. The stimulation rate was 0.1 Hz. The average linear fit slope was calculated as the slope of the linear input-output relationship for each slice. LTP experiments were performed as described previously, with modifications (Kaeser et al, 2008) . For LTP experiments, recordings were performed at room temperature. A stable baseline response was established at 30-40% of the maximal response. Baseline responses were collected for at least 15 min. If the fEPSP slope changed 410% during the baseline period, recordings were discontinued. LTP was induced with three 1 s 100 Hz stimulus trains separated by 20 s intervals. fEPSPs were monitored at 0.05 Hz. LTP was then monitored for 60 min postinduction. The magnitude of LTP was normalized to the average slope of the fEPSP during the baseline period. In all, 50 mM picrotoxin (Sigma) was included in ACSF for all recordings. For whole-cell voltage-clamp recordings in acute hippocampal slices, patch pipettes (2-4 MO) were filled with excitatory specific (in mM: 117.5 CsMeSO 4 , 10 HEPES, 10 TEA-Cl, 15.5 CsCl, 1 MgCl 2 , 10 Na-phosphocreatine, 8 NaCl, 0.3 NaGTP, 4 MgATP, 5 EGTA and 1 QX-314) or inhibitory-specific internal solutions (in mM: 120 CsCl, 10 HEPES, 5 NaCl, 1 MgCl 2 , 0.3 NaGTP, 3 MgATP, 10 EGTA and 5 QX-314). For all excitatory and inhibitory recordings, 50 mM picrotoxin or 10 mM NBQX (Tocris) and 50 mM AP5 (Tocris) were included in the ACSF, respectively. mEPSC and mIPSC recordings were performed with CA1 pyramidal neurons voltage clamped at À70 mV. In all, 0.5 mM TTX (Tocris) was included in ACSF to block action potential evoked responses. For each experiment, 10 traces of 30 s duration were collected with a À5 mV voltage step between each trace to monitor membrane statistics. Cumulative probability plots were constructed using 200 events. Miniature amplitude threshold was set at 6 pA. The Kolmogorov-Smirnov test was used for measuring statistical significance for the cumulative probability plot. For box plots, statistical significance was assessed with an unpaired Student's t-test.
NMDA/AMPA receptor EPSC analysis was performed in the presence of 50 mM picrotoxin. Evoked EPSCs were collected at two holding potentials. At À70 mV, responses were collected and the peak amplitude identified as the AMPA receptor-mediated response. Cells were then voltage clamped at þ 40 mV, and the amplitude of the evoked EPSC 50 ms post-stimulus was identified as the NMDA-R-mediated response. Twenty traces were collected at 0.1 Hz for each membrane potential.
Paired-pulse facilitation experiments were performed at À70 mV holding potential. The amplitude of the second EPSC was measured relative to the amplitude of the first EPSC. PPF was measured at two inter-stimulus intervals, 50 and 80 ms. Twenty traces were collected for each inter-stimulus interval. MK-801 experiments were performed at þ 40 mV holding potential as described previously (Schoch et al, 2002) ; in the presence of 50 mM picrotoxin and 10 mM NBQX to isolate NMDA-R-mediated responses. Baseline responses were collected for 8 min before MK-801 wash-in. If baseline responses changed 420%, experiments were terminated. Once a stable baseline was achieved, MK-801 was washed into the recording chamber. MK-801 was perfused into the chamber for at least 6 min without stimulation. After 6 min, stimulation was resumed and the rate of the NMDA-R EPSC block was monitored. The time constant of decay was calculated using a double exponential function: A 1 exp(Àt/t 1 ) þ A 2 exp(Àt/t 2 ) (Wasling et al, 2004) .
AMPA-R-mediated current-voltage experiments were conducted with 50 mM picrotoxin and 50 mM AP5 in the ACSF and 0.1 mM spermine added to the internal solution. Six to eight traces were collected and averaged at each holding potential. Summary graph was constructed by normalizing all values to the AMPA-R EPSC at À80 mV. Rectification index was calculated as the AMPA-R-mediated response at þ 40/À40 mV.
For all whole-cell recordings, membrane statistics were monitored after each trace. All evoked whole-cell recordings were collected at 0.1 Hz. Whole-cell recording criteria were as follows: Ra was o25 MO and cells were rejected if Ra or Rm changed 420% over the course of the experiment. All recordings were digitized at 10 kHz and filtered at 2 kHz. Recordings were monitored with a Multiclamp 700B (Molecular Devices) and analysed offline using pClamp (Molecular Devices). Statistical significance of data was evaluated using a Student's t-test. For cumulative probability plots, a Kolmogorov-Smirnov test with a significance of Po0.05 was used. All experiments were performed on male wild-type and NL3 R704C littermate pairs. All recordings and analysis were done with experimenter blind to genotype.
Cell culture electrophysiology
Cell culture electrophysiology was done as described previously (Maximov et al, 2007 (Maximov et al, , 2009 Xu et al, 2009; ) and with similar criteria to the aforementioned acute slice electrophysiology. Briefly, recordings were performed on DIV14-16 hippocampal cultures. Evoked synaptic responses were triggered with a homemade bipolar electrode. The stimulus electrode was placed 150 mm from soma of patched neuron. Stimulus intensity was adjusted to achieve maximal synaptic responses for each cell. Cells were patched with a modified internal solution (in mM: 117.5 CsMeSO 4 , 10 HEPES, 10 TEA-Cl, 15.5 CsCl, 1 MgCl 2 , 10 Na-phosphocreatine, 8 NaCl, 0.3 NaGTP, 4 MgATP, 5 EGTA and 5 QX-314). Recordings were performed in modified ACSF (in mM: 126 NaCl; 3 KCl; 1.25 NaH 2 PO 4 ; 26 NaHCO 3 ; 10 glucose; 2 CaCl 2 ; and 2 MgCl 2 saturated with 95% O 2 / 5% CO 2 , pH 7.4). After break-in, series resistance was compensated to 5-7 MO. AMPA-R-mediated EPSCs were isolated with 50 mM picrotoxin and 50 mM AP5. NMDA-R-mediated EPSCs were isolated with 50 mM picrotoxin and 10mM NBQX. GABA-R-mediated IPSCs were isolated with 10 mM NBQX and 50 mM AP5. AMPA-R-and GABA-R-mediated evoked responses were recorded while holding the neuron at À70 mV. NMDA-R-mediated evoked responses were performed while holding the neuron at þ 40 mV. Statistical significance was calculated by an unpaired Student's t-test. Data represent mean values±s.e.m. Experimenter was blind to genotype throughout data collection and analysis.
